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(57) ABSTRACT 
In some examples, compensating for hysteretic characteris 
tics of a crystal oscillator in a timing circuit includes obtain 
ing a plurality of Successive temperature measurements. 
From the plurality of successive temperature measurements, 
a temperature gradient having a sign and a magnitude can be 
determined. A frequency compensation parameter can then 
be determined based on any combination of two or more 
factors chosen from a set of factors including a temperature 
measurement, the sign of the temperature gradient, and the 
magnitude of the temperature gradient. A frequency error of 
the timing circuit can then be compensated based on the 
frequency compensation parameter. 
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COMPENSATING FOR HYSTERETC 
CHARACTERISTICS OF CRYSTAL 

OSCILLATORS 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

0001. This application claims the benefit of U.S. Provi 
sional Application No. 62/038,718, filed Aug. 18, 2014, 
entitled “Compensating for Hysteretic Characteristics of 
Crystal Oscillators’ which is incorporated herein by refer 
ence in its entirety. 

BACKGROUND 

0002 Crystal oscillators can be used in electronic devices 
to provide a frequency reference or to provide a clock signal 
for an electronic circuit. A crystal oscillator is designed to 
vibrate at a known frequency upon application of an appro 
priate input, Such as a Voltage. An ideal crystal oscillator 
vibrates at a known, unchanging frequency. However, in prac 
tice, a crystal oscillator will typically oscillate at different 
frequencies depending on the temperature of the crystal oscil 
lator. 

BRIEF SUMMARY 

0003 Certain embodiments are described for compensat 
ing for hysteretic characteristics of crystal oscillators. Differ 
ent examples are described below. One example of a method 
for compensating for hysteretic characteristics of crystal 
oscillators, includes obtaining a plurality of Successive tem 
perature measurements; determining a temperature gradient 
having a sign and a magnitude, the temperature gradient 
based on at least two temperature measurements of the plu 
rality of Successive temperature measurements and a time 
between the at least two temperature measurements; deter 
mining a frequency compensation parameter based on any 
combination of two or more factors chosen from a set of 
factors including a temperature measurement, the sign of the 
temperature gradient, and the magnitude of the temperature 
gradient; and compensating for a frequency error of the tim 
ing circuit based on the frequency compensation parameter. 
0004 An example apparatus for compensating for hyster 
etic characteristics of crystal oscillators includes a sensor 
configured to sense a temperature, and a processor configured 
to obtain a plurality of successive temperature measurements 
from the sensor, determine a temperature gradient having a 
sign and a magnitude, the temperature gradient based on at 
least two temperature measurements of the plurality of Suc 
cessive temperature measurements and a time between the at 
least two temperature measurements; determine a frequency 
compensation parameter based on any combination of two or 
more factors chosen from a set of factors including a tem 
perature measurement, the sign of the temperature gradient, 
and the magnitude of the temperature gradient; and compen 
sate for a frequency error of the timing circuit based on the 
frequency compensation parameter. 
0005. A further example system for compensating for hys 

teretic characteristics of crystal oscillators includes means for 
obtaining a plurality of Successive temperature measure 
ments; means for determining a temperature gradient having 
a sign and a magnitude, the temperature gradient based on at 
least two temperature measurements the plurality of Succes 
sive temperature measurements and a time between the at 
least two temperature measurements; means for determining 
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a frequency compensation parameter based on any combina 
tion of two or more factors chosen from a set of factors 
including a temperature measurement, the sign of the tem 
perature gradient, and the magnitude of the temperature gra 
dient; and means for compensating for a frequency error of 
the timing circuit based on the frequency compensation 
parameter. 
0006. One example non-transitory computer-readable 
medium comprises program code for a processor to execute a 
method for compensating for hysteretic characteristics of a 
crystal oscillator in a timing circuit, the program code includ 
ing program code for obtaining a plurality of Successive tem 
perature measurements; program code for determining a tem 
perature gradient having a sign and a magnitude, the 
temperature gradient based on at least two temperature mea 
Surements of the plurality of successive temperature measure 
ments and a time between the at least two temperature mea 
Surements; program code for determining a frequency 
compensation parameter based on any combination of two or 
more factors chosen from a set of factors including a tem 
perature measurement, the sign of the temperature gradient, 
and the magnitude of the temperature gradient; and program 
code for compensating for a frequency error of the timing 
circuit based on the frequency compensation parameter. 
0007 Still further examples are provided in the detailed 
description below, including examples for encoding program 
code on non-transitory computer-readable media for per 
forming example methods described above and in the detailed 
description below. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0008 Aspects of the disclosure are illustrated by way of 
example. In the accompanying figures, like reference num 
bers indicate similar elements, and together with the descrip 
tion of example embodiments, serve to explain the principles 
and implementations of the embodiments. 
0009 FIG. 1 shows a plot of frequency error as a function 
of temperature in a signal output by a timing circuit having a 
crystal oscillator without hysteretic effects; 
0010 FIGS. 2 and 3 show plots of frequency error as a 
function of temperature in a signal output by a timing circuit 
having a crystal oscillator with hysteretic characteristics; 
0011 FIG. 4 shows an example system for compensating 
for hysteretic effects in crystal oscillators; and 
0012 FIGS.5A-6 show example methods for compensat 
ing for hysteretic effects in crystal oscillators. 

DETAILED DESCRIPTION 

0013 Examples are described herein in the context of 
compensating for hysteretic effects in crystal oscillators. 
Those of ordinary skill in the art will realize that the following 
description is illustrative only and is not intended to be in any 
way limiting. Other embodiments will readily suggest them 
selves to such skilled persons having the benefit of this dis 
closure. Reference will now be made in detail to implemen 
tations of example embodiments as illustrated in the 
accompanying drawings. The same reference indicators will 
be used throughout the drawings and the following descrip 
tion to refer to the same or like items. 

0014. In the interest of clarity, not all of the routine fea 
tures of the examples described herein are shown and 
described. It will, of course, be appreciated that variations of 
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the teachings described within this specification may be 
implemented without deviating from the scope of this disclo 
Sle 

0015. Some devices employ timing circuits with crystal 
oscillators as a frequency reference or as a clock source. For 
example, a smartphone may employ such a timing circuit for 
use with a global positioning system (GPS) receiver to enable 
accurate position services for the Smartphone. However, the 
temperature of the crystal oscillator may vary overtime due in 
part to the operation of the Smartphone. For example, if the 
smartphone is used to make a cellular voice call, the cellular 
radio components can generate amounts of heat, which cause 
other components in the smartphone to heat up, including the 
crystal oscillator. As the crystal oscillator's temperature 
changes, its actual vibration frequency will vary and the out 
put signal of the timing circuit will change. Furthermore, the 
relationship between frequency and temperature of crystal 
oscillators tends to exhibit hysteretic characteristics. For 
example, at a particular temperature, a crystal oscillator may 
vibrate at different frequencies depending on whether the 
temperature of the crystal oscillator is increasing or decreas 
ing. However, software or hardware employing the timing 
circuit's output signal may be “unaware” of these changes 
and may continue to operate as though the output signal is 
invariant. 
0016. Further, the frequency of the output signal does not 
vary by a constant amount for any particular temperature. 
Rather, the frequency of the output signal may vary by two 
different amounts based on whether the temperature is 
increasing or decreasing. Further, the rate at which the tem 
perature changes over time affects the amount by which the 
frequency of the output signal will vary from the vibration 
frequency at a particular steady-state temperature. In addition 
to the magnitude of the gradient, the magnitude of the fre 
quency variance is also affected by the absolute temperature 
itself. Thus, compensating for frequency error in crystal oscil 
lators can depend on many factors. 
0017 Thus, an example apparatus may be fitted with one 
or more temperature sensors to measure the temperature of 
components of the apparatus, such as the crystal oscillator 
itself, the timing circuit having the crystal oscillator, or com 
ponents near the crystal oscillator or timing circuit. The appa 
ratus is programmed or configured to receive successive tem 
perature measurements over time from the temperature 
sensor(s), determine temperature gradients based on the suc 
cessive temperature measurements, determine the sign and 
magnitude of the temperature gradients, and use one or more 
of these data points to determine a frequency compensation 
parameter for the output signal provided by the timing circuit 
or crystal oscillator. The apparatus can then apply the fre 
quency compensation parameter in a wide variety of ways, 
described in more detail below, when performing certain 
tasks that rely on the frequency of the crystal oscillator's or 
timing circuit's output signal. 
(0.018 For example, the example apparatus could be part of 
a global positioning system (GPS) subsystem to enable the 
apparatus to determine its position. However, GPS signals 
received from GPS satellites are decoded, in part, based on a 
known frequency reference provided by a timing circuit 
including a crystal oscillator. Thus, when decoding GPS sig 
nals, the apparatus may employ the frequency compensation 
parameter to adjust the frequency of the output signal pro 
vided to the GPS subsystem to enable a more accurate calcu 
lated position. Such an example apparatus may be incorpo 
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rated into a smartphone, a GPS receiver, a navigation system, 
or any other suitable device or system. 
0019 Referring now to FIG. 1, FIG. 1 shows a plot of 
frequency erroras a function oftemperature in a signal output 
by a timing circuit having a crystal oscillator without consid 
ering or calculating hysteretic effects. As can be seen in FIG. 
1, the frequency error, in parts per million (ppm), is shown as 
the two-dimensional curve 110 as a function of the tempera 
ture in degrees Celsius. In other words, the curve 110 is an 
ideal frequency error vs. temperature curve. Thus, the curve 
110 illustrates the frequency error of a crystal oscillator at any 
of a number of steady-state temperatures. For example, at 
approximately 32 degrees Celsius, this crystal oscillator has 
no frequency error. The function, f(t), 120 used to generate 
the curve 110 is shown. The values of co, c. c. ca, and to are 
dependent on the crystal oscillator itself, while the value oftis 
the temperature of the crystal oscillator. The curve 110 can be 
used to determine a first-order calculation of a vibration fre 
quency of a crystal oscillator by applying the frequency error 
calculated using curve 110 to a nominal frequency of the 
timing circuit having a crystal oscillator. In some examples, a 
means for determining an ideal frequency error of the crystal 
oscillator based at least on the temperature measurement may 
calculate the ideal frequency error of the crystal oscillator by 
solving the function, f(t), described above based on aparticu 
lar temperature value, t. As shown in greater detail below, a 
variance from this first-order calculation of the vibration fre 
quency can be determined using temperature and/or tempera 
ture gradient information. 
0020 Referring now to FIG. 2, FIG. 2 shows a plot 200 of 
frequency error in a crystal oscillators output as a function of 
temperature with hysteretic characteristics. The frequency 
error is relative to a nominal vibration frequency of a crystal 
oscillator. The plot 200 includes an ideal frequency error 
versus temperature curve 210 for a crystal oscillator, similar 
to that shown in FIG. 1. The plot 200 also includes two 
frequency error versus temperature curves 220,230 that show 
a hysteretic response of the crystal oscillator to temperature 
changes. Referring first to curve 220, curve 220 shows a plot 
of frequency error based on temperature changes over time. 
As can be seen, the frequency error at 67 degrees Celsius for 
curve 220 has two different values: -94.99 parts per billion 
(ppb) and -9553 ppb. As discussed above, these different 
values result, at least in part, from the hysteretic characteris 
tics of the crystal oscillator. Thus in this example, as the 
crystal oscillator heats, the frequency error (illustrated by 
curve 220) relative to the nominal vibration frequency of the 
output signal is less than the ideal frequency error curve 210. 
but while the crystal oscillator cools, the frequency error 
relative to the nominal vibration frequency of the output 
signal is greater than the ideal frequency error curve 210 at the 
same temperature. As can be seen from this example, a fre 
quency variance (and hence a frequency error) can have a first 
value at a given temperature as well as a second value at the 
given temperature. Hence, in general, the frequency variance 
(and the frequency compensation parameter, as discussed 
further below) can have a first value at a temperature where 
the sign of the temperature gradient has a first sign and a 
second value at the temperature where the sign of the tem 
perature gradient has a second sign where the first value and 
the second value are different and the first sign and the second 
sign are different. 
0021. In addition, FIG. 2 shows a second curve 230. Curve 
230 also shows a plot of frequency error relative to the nomi 
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nal vibration frequency based on temperature changes over 
time; however, the magnitudes of the hysteresis in the fre 
quency error of the second curve 230 are generally greater 
than the magnitudes of the variances of the first curve 220. As 
can be seen in FIG. 2, the frequency error relative to the 
nominal vibration frequency at 67 degrees Celsius for the 
second curve 230 are -9476 ppb and -9584 ppb, while for the 
first curve 220, they are -94.99 ppb and -9553 ppb. The 
difference infrequency error between the two curves 220, 230 
is based on the differences in the time gradient oftemperature 
underlying the respective frequency errors. The temperature 
gradients resulting from the heating and cooling of the crystal 
oscillator that contributed to the first curve 220 had a lower 
magnitude than the temperature gradients that contributed to 
the second curve 230. 

0022 Referring now to FIG. 3, FIG.3 shows a plot 300 of 
frequency error in a crystal oscillator as a function of tem 
perature with hysteretic characteristics. The plot 300 of FIG. 
3 does not include an ideal frequency error Versus tempera 
ture curve like the curve 210 shown in FIG. 2. Rather, the plot 
300 includes two frequency error versus temperature curves 
320, 330 that show hysteretic responses of the crystal oscil 
lator to different temperature changes. As with the curves 
220, 230 shown in FIG. 2, the curves 320,330 in FIG.3 show 
variance from the ideal frequency error based on temperature 
changes overtime. In this case, the variances on the first curve 
320 at -5 degrees Celsius are 6504 ppb and 6474 ppb and the 
variances on the second curve 330 at the same temperature, 
-5 degrees Celsius, are 6520 and 6455, respectively. Again, in 
this example, the variance from the ideal frequency error is 
based on the temperature gradient and the sign of the tem 
perature gradient. In some examples, calculating the variance 
may be based on empirically measured oscillation frequency 
response data of the crystal to temperature gradients and the 
signs of those gradients and difference between the measured 
oscillation frequency values and the ideal frequency error. 
One example may employ a means for determining a variance 
from the ideal frequency error based at least on the tempera 
ture gradient to provide the variance. These measured values 
may further be stored in a lookup table and some examples 
may access the measured values in the lookup table based on 
a measured temperature and a temperature gradient. There 
fore, a corrected vibration frequency can be calculated based 
on a nominal vibration frequency, an ideal frequency error, 
and a variance from the ideal frequency error. The variance 
from the ideal frequency error can exhibit hysteretic charac 
teristics. 

0023. However, as can be seen, the magnitude of the hys 
teretic effects illustrated by curves 220, 230 in FIG. 2 was 
larger than those illustrated by the curves 320,330 in FIG.3, 
which occurred at a lower temperature range. The variance 
from the ideal frequency error in a crystal oscillators output 
signal exhibits hysteretic characteristics that are dependent, at 
least in part, on both a temperature gradient, including the 
sign and magnitude of the gradient, as well as the temperature 
of the crystal. 
0024. Referring now to FIG. 4, FIG. 4 shows an example 
system 400 for compensating for hysteretic effects in crystal 
oscillators. The system 400 includes a timing circuit 410. 
which includes a crystal oscillator 420, a temperature sensor 
430, and a processor 440. This example system 400 may be 
incorporated into many different types of devices. For 
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example, Suitable devices include Smartphones, cellular 
phones, tablets, laptop computers, navigational systems for 
vehicles. 
0025. In the system 400 shown in FIG.4, the timing circuit 
410 provides an oscillation signal having a frequency based 
on vibrations of the crystal oscillator 420. As described 
above, the vibrations of the crystal oscillator may vary 
depending on temperature and a temperature gradient, 
including the sign and the magnitude of the temperature gra 
dient. The temperature sensor 430 is thermally coupled to and 
senses the temperature of the crystal oscillator 420 over time 
and provides successive temperature measurements to the 
processor 440. Various types of temperature sensors may be 
employed in different example systems according to this dis 
closure. For example, thermocouples and thermistors are 
example means for obtaining a plurality of Successive tem 
perature measurements. And while the system 400 shown in 
FIG. 4 only includes one temperature sensor, multiple sensors 
can be used in different examples. 
0026. The processor 440 uses the successive temperature 
measurements to calculate temperature gradients and to 
determine a frequency compensation parameter for the tim 
ing circuit 410. In this example system 400, the processor 440 
executes program code to determine a frequency compensa 
tion parameter based on any combination of two or more 
factors chosen from a set of factors including a temperature 
measurement, the sign of the temperature gradient, and the 
magnitude of the temperature gradient. The processor 440 
also causes the timing circuit 410 to output an oscillation 
signal based on the frequency compensation parameter. In 
this example, over time, the processor 440 iteratively deter 
mines multiple Successive frequency compensation param 
eters and causes the timing circuit 410 to output oscillation 
signals based on the Successive frequency compensation 
parameters, which allows the processor 440 to compensate 
for frequency error as the crystal oscillator changes tempera 
ture over time. 
(0027. Referring now to FIG. 5A, FIG. 5A shows an 
example method 500 for compensating for hysteretic effects 
in crystal oscillators. The method 500 of FIG.5A is described 
with reference to the example system 400 shown in FIG. 4, 
but is not limited to such a system 400. 
(0028. The method 500 begins in block 510 when the pro 
cessor 440 obtains a plurality of successive temperature mea 
surements from the temperature sensor 430, or from a plural 
ity of temperature sensors. The temperature sensor 430 can 
periodically send Successive temperature measurements to 
the processor 440, or the processor 440 can periodically poll 
the temperature sensor 430 for successive temperature mea 
Surements. In the context of this description, Successive tem 
perature measurements refers to multiple temperature mea 
surements of the timing circuit 410 or the crystal oscillator 
420, or a component near to either of the timing circuit 410 or 
crystal oscillator 420, occurring at different times and does 
not imply periodic or regular temperature measurements, 
though periodic or regular temperature measurements may be 
suitable for different examples according to this disclosure. 
0029. In block 520, the processor 440 determines a tem 
perature gradient having a signanda magnitude, the tempera 
ture gradient based on at least two temperature measurements 
of the plurality of successive temperature measurements and 
a time between the at least two temperature measurements. 
For example, the example system 400 shown in FIG. 4 cal 
culates a temperature gradient using two consecutive tem 



US 2016/0049.945 A1 

perature measurements: a first temperature measurement and 
a second temperature measurement, where the first tempera 
ture measurement occurs prior to the second temperature 
measurement. In one implementation, the processor 440 Sub 
tracts the first temperature measurement from the second 
temperature measurement and divides the result by the time 
between the two measurements to obtain the gradient. How 
ever, the processor 440 can be configured to determine a 
temperature gradient based on two or more Successive tem 
perature measurements over time or two or more non-Succes 
sive temperature measurements (e.g., a first and a fifth tem 
perature measurement of a Succession of five temperature 
measurements). For example, over more than two Successive 
temperature samples, the processor 440 can calculate tem 
perature gradients for Successive pairs of temperature 
samples and calculate an average gradient based on the cal 
culated temperature gradients to determine the temperature 
gradient having the sign and the magnitude. 
0030. In some embodiments, the processor 440 can 
employ more than two Successive temperature samples to 
determine a temperature gradient. For example, the processor 
may determine a temperature gradient using three Successive 
temperature measurements, such as by determining an aver 
age temperature gradient over Such measurements. In some 
examples, the processor may use two or more non-consecu 
tive temperature measurements, such as every other tempera 
ture measurement or other regularly-spaced temperature 
measurements. In one such example, the processor may 
employ every third temperature measurement based on a 
sampling frequency of temperature measurements. For 
example, if a temperature measurement is taken every 10 
milliseconds, the processor 440 may be configured to only 
determine temperature gradients over time periods of 50 or 
100 milliseconds, thus only certain of the temperature mea 
Surements may be employed. 
0031. In some examples, the processor 440 may also 
determine a rate of change of a temperature gradient overtime 
Such as by calculating Successive temperature gradients and a 
difference between the successive temperature gradients. The 
rate of change of the temperature gradient may indicate an 
acceleration or deceleration of the temperature gradient, e.g., 
that the crystal oscillator is heating or cooling more or less 
quickly over time. In some examples, the processor 440 may 
employ curve fitting over a plurality oftemperature measure 
ments to compute a gradient. In one example, the processor 
440 employs curve fitting over a plurality of Successive tem 
perature measurements, while in one example, the processor 
440 employs curve fitting over a plurality of non-Successive 
temperature measurements. 
0032. These and other means for determining a tempera 
ture gradient having a sign and a magnitude may be used in 
different examples. In this example, the processor 440 also 
determines the magnitude of the gradient and the sign of the 
gradient, or whether the gradient has a positive or negative 
slope. It should be noted that temperature gradient for pur 
poses of this application relates to gradient with respect to 
time. 

0033. In block 530, the processor 440 determines a fre 
quency compensation parameter based on at least one or more 
of a temperature measurement, the sign of the temperature 
gradient, the magnitude of the temperature gradient, or any 
combination thereof. In this example, the processor 440 uses 
the temperature to access a lookup table having frequency 
compensation parameters corresponding to different mea 
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sured temperatures. It will be understood that the temperature 
measurement may comprise one of the Successive tempera 
ture measurements, or may be a temperature measurement 
taken independently of the Successive temperature measure 
ments, such as a temperature measurement taken at a specific 
time or sampling rate, or may be taken specifically for pur 
poses of accessing a lookup table. In other examples, the sign 
of the temperature gradient or the magnitude of the tempera 
ture gradient, alone, may be used. For example, in one imple 
mentation, the processor 440 uses the sign of the temperature 
gradient to access a lookup table having frequency compen 
sation parameters corresponding to temperature gradients 
having different signs. In another example, the processor 440 
uses the magnitude of the temperature gradient to access a 
lookup table having frequency compensation parameters cor 
responding to temperature gradients of different magnitudes. 
0034. Thus, in some examples, only one of the tempera 
ture measurement, the sign of the temperature gradient, or the 
magnitude of the temperature gradient is used to determine a 
frequency compensation parameter. And while examples 
using lookup tables were discussed above, other examples are 
contemplated. For example, any one of the temperature mea 
Surement, the sign of the temperature gradient, or the magni 
tude of the temperature gradient may be used to calculate a 
variance from the first-order calculation of the vibration fre 
quency, where the first-order calculation of the vibration fre 
quency is based on the nominal vibration frequency of the 
crystal oscillator and the ideal frequency error. The variance 
may then be used to compute a frequency compensation 
parameter. In other implementations, the variance, along with 
the first-order calculation of the vibration frequency, is used 
to calculated a corrected vibration frequency, and the fre 
quency compensation parameter is based on the nominal 
vibration frequency and the corrected vibration frequency. 
0035 And while some examples may employ only one of 
the values discussed above to determine a frequency compen 
sation parameter, some examples may employ two. For 
example, in one implementation the processor 440 deter 
mines a frequency compensation parameter by employing at 
least the magnitude of the temperature gradient and the tem 
perature to access a lookup table having frequency compen 
sation parameters corresponding to different measured tem 
peratures and temperature gradient magnitudes. In another 
example implementation, the processor 440 determines a fre 
quency compensation parameter by employing the tempera 
ture measurement and the sign of the temperature gradient to 
access a lookup table having frequency compensation param 
eters corresponding to different temperatures and signs of the 
temperature gradient. And in a further example, the processor 
440 determines a frequency compensation parameter by 
employing the magnitude of the temperature gradient and the 
sign of the temperature gradient to access a lookup table 
having frequency compensation parameters corresponding to 
different temperature gradient magnitudes and signs. 
0036. In some cases, the processor 440 may determine a 
frequency compensation parameter based on at least all three 
of the temperature gradient, the sign of the temperature gra 
dient, and the frequency. In one example implementation, the 
processor 440 accesses a three-dimensional lookup table to 
determine a frequency compensation parameter. In some 
examples, the processor 440 may employ a plurality of 
lookup tables. For example a processor 440 may access a first 
lookup table based on the temperature measurement and the 
sign of the gradient, and use a resulting value from the first 
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lookup table and the magnitude of the temperature gradient to 
access a second lookup table to determine a frequency com 
pensation parameter. Thus, different examples may employ 
different means for determining a frequency compensation 
parameter based on any combination of two or more factors 
chosen from a set of factors including a temperature measure 
ment, the sign of the temperature gradient, or the magnitude 
of the temperature gradient, including determining a fre 
quency compensation parameter based on at least all three of 
the temperature measurement, the sign of the temperature 
gradient, and the magnitude of the temperature gradient. Fur 
ther, Some such means may comprise a means for determining 
the frequency compensation parameter based on a lookup 
table using at least the temperature measurement and the 
magnitude of the temperature gradient as a part of a means for 
determining the frequency compensation parameter. The 
means for determining the frequency compensation param 
eter may also include means for determining the frequency 
compensation parameter based on additional factors to those 
mentioned. 

0037. However, in some cases, the processor 440 may 
calculate a variance from an ideal frequency error based on 
the magnitude of the temperature gradient and a first-order 
calculation of the vibration frequency of the crystal oscillator. 
In this example method 500, the processor 440 calculates a 
variance from an ideal frequency error by multiplying a scal 
ing factor and a thermal gradient that has been filtered to 
remove noise. In another example, the processor 440 may 
calculate a first-order calculation of the corrected frequency 
value of the crystal oscillator using the function 120 shown in 
FIG. 1 and the nominal vibration frequency, and the processor 
440 may then use the calculated first-order value with the 
temperature gradient to determine the total frequency error or 
total variance relative to the nominal vibration frequency. In 
Some cases, the processor 440 may simplify the calculation 
by assuming equal error or variance irrespective of the sign of 
the gradient. These and other means for determining a fre 
quency compensation parameter may be employed in differ 
ent examples. The processor 440 can then use the determined 
total frequency error or total variance to determine a fre 
quency compensation parameter. 
0038. After obtaining the frequency compensation param 

eter, in this example the processor 440 determines how the 
frequency compensation parameter should be applied to the 
nominal frequency of the crystal oscillator 420 or the timing 
circuit 410 to adjust the frequency of the oscillation signal 
output by the timing circuit 410. In this way, the processor 
440 can compensate for the frequency error of the timing 
circuit 410 based on the frequency compensation parameter. 
For example, the frequency compensation parameter may be 
a value that can be a scaling factor that may be applied to a 
frequency divider or frequency multiplier circuit to adjust a 
sampling rate. In some examples, the frequency compensa 
tion parameter can be applied to a resampler to adjust a 
sampling rate to enable the output data to be provided at a 
corrected frequency. Or in Some cases, the frequency com 
pensation parameter may be applied to a phase rotator digi 
tally. 
0039. In block 540, the processor 440 compensates for a 
frequency error of the timing circuit 410 based on the fre 
quency compensation parameter. For example, the processor 
440 may cause the timing circuit 410 to generate an oscilla 
tion signal using the timing circuit 410 based on the frequency 
compensation parameter. For example, the timing circuit 410 
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may include a frequency multiplier or frequency divider. The 
processor 440 can cause the frequency multiplier or fre 
quency divider to alter the signal output by the crystal oscil 
lator 420 to generate an oscillation signal based on the fre 
quency compensation parameter. However, in some 
embodiments, the processor 440 does not affect the timing 
circuit 410, but instead provides the frequency compensation 
parameter to a component. Such as GPS receiver, that receives 
the oscillation signal using the timing circuit 410 to allow the 
component to apply the frequency compensation parameter 
to the received oscillation signal. These and other means for 
compensating for a frequency error of the timing circuit 410 
may be employed according to various examples of the dis 
closure herein. 
0040. Referring now to FIG. 5B, FIG. 5B shows an 
example method 550 for compensating for hysteretic effects 
in crystal oscillators. The method 550 of FIG.5B is described 
with reference to the example system 400 shown in FIG. 4, 
but is not limited to such a system 400. 
0041. The method 550 begins in block 560 when the pro 
cessor 440 obtains a plurality of successive temperature mea 
surements from the temperature sensor 430. This process is 
described above with respect to block510 shown in FIG.5A. 
After the processor 440 obtains a plurality of successive tem 
perature measurements, the method 550 proceeds to block 
570. 

0042. At block 570, the processor 440 determines a tem 
perature gradient having a signanda magnitude, the tempera 
ture gradient being based on at least two temperature mea 
Surements of the plurality of Successive temperature 
measurements and a time between the at least two tempera 
ture measurements. This process is described above with 
respect to block 520 shown in FIG. 5A. After the processor 
440 determines a temperature gradient, the method 550 pro 
ceeds to block 580. 
0043. At block 580, the processor 440 determines a fre 
quency compensation parameter based on any combination 
of two or more factors chosen from a set of factors including 
a temperature measurement, the sign of the temperature gra 
dient, and the magnitude of the temperature gradient. This 
process is described above with respect to block 530 shown in 
FIG. 5A. After the processor 440 determines a temperature 
gradient, the method 550 proceeds to block 590. 
0044. At block 590, the processor 440 compensates for a 
frequency error of the timing circuit based on the frequency 
compensation parameter. This process is described above 
with respect to block 540 shown in FIG. 5A. After the pro 
cessor 440 determines a temperature gradient, the method 
550 may end, or the method 550 may return to block 560 for 
a further iteration. 
0045 Referring now to FIG. 6, FIG. 6 shows an example 
method 600 for compensating for hysteretic effects in crystal 
oscillators. The method 600 of FIG. 6 is described with ref 
erence to the example system 400 shown in FIG.4, but is not 
limited to such a system 400. 
0046. The method 600 begins in block 610 when the pro 
cessor 440 obtains a plurality of successive temperature mea 
surements from the temperature sensor 430. This process is 
described above with respect to block510 shown in FIG.5A. 
In addition, if this is the first iteration of the method, a counter 
value is set to 0. The counter will be described in greater detail 
below. After the processor 440 obtains a plurality of succes 
sive temperature measurements, the method 600 proceeds to 
block 620. 
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0047. At block 620, the processor 440 determines a tem 
perature gradient having a sign and a magnitude, the tempera 
ture gradient based on the plurality of successive temperature 
measurements, the temperature measurements being 
received from a temperature sensor thermally coupled to the 
oscillation crystal. This process is described above with 
respect to block 520 shown in FIG. 5A. After the processor 
440 determines a temperature gradient, the method 600 pro 
ceeds to block 622. 
0048. At block 622, the processor 440 determines whether 
the temperature gradient has a different sign during the then 
current iteration of the method 600 as compared to the sign of 
the temperature gradient during the prior iteration of the 
method 600. If the sign of the gradient has not changed, the 
method proceeds to 630. However, if the sign of the gradient 
has changed, the method proceeds to block 624. 
0049. At block 624, the processor 440 resets the counter. 
As will be discussed in more detail below, the counter may be 
used to affect the maximum amount the current frequency 
compensation may be changed. Thus, fortime periods shortly 
after a change in sign of the temperature gradient, the proces 
Sor 440 may be allowed to change a frequency compensation 
by a greater amount than would be allowed after a period of 
time has elapsed. The method then proceeds to block 630. 
0050. At block 630, the processor 440 increments the 
counter and determines whether it exceeds a reference thresh 
old value. In this example, the counter (which is discussed in 
greater detail below) and threshold value are employed to 
determine whether a greater or lesser correction should be 
applied to the oscillation signal. In some examples, if a mag 
nitude of frequency error due to hysteretic effects in a timing 
circuit 410 exceeds a maximum incremental frequency com 
pensation value, the processor 440 will apply an incremental 
frequency compensation to the oscillation signal that is con 
figured to only partially correct for the frequency error. For 
example, if a frequency error does not exceed the maximum 
incremental frequency compensation value, the processor 
440 may fully compensate for the frequency error in one 
iteration of the example method 600. However, if the fre 
quency error exceeds the maximum incremental frequency 
compensation value, the processor 440 may apply a maxi 
mum incremental frequency compensation, which only par 
tially compensates for the determined frequency error. Thus, 
a full correction based on the determined frequency error may 
be applied over multiple iterations. 
0051. Further, in some examples, different maximum 
incremental frequency compensation values may be 
employed based on an elapsed period of time. In one example, 
if the processor 440 determines that the timing circuit 410 has 
recently begun to experience significantheating or cooling, it 
may allow for larger incremental changes in frequency com 
pensation, but after the heating or cooling has continued for 
Some period of time, a smaller maximum incremental fre 
quency compensation value may be employed. 
0052. In some examples, the processor 440 may employ 
one or more maximum incremental frequency compensation 
values based on the magnitude of the temperature gradient. 
For example, where the magnitude of the temperature gradi 
ent exceeds a first threshold value, the processor 440 may use 
a greater maximum incremental frequency compensation 
value, and a lower maximum incremental frequency compen 
sation value if the temperature gradient is below the threshold 
value. One such example may thus more quickly correct for 
rapid heating or cooling of the timing circuit 410, e.g., due to 
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cellular phone call, and reduce the rate of correction for 
gradual heating or cooling, Such as due to changing environ 
ment conditions. 

0053. In the example illustrated in FIG. 6, the processor 
440 selects between two maximum incremental frequency 
compensation values based on whether the counter exceeds a 
threshold counter value. If the counter value is below the 
threshold counter value, the processor 440 uses the first maxi 
mum incremental frequency compensation value, which is 
greater than the second maximum incremental frequency 
compensation value. Thus, while the counter is below the 
threshold counter value, the processor 440 may apply greater 
incremental frequency compensation. After the counter 
exceeds the threshold counter value, the processor 440 uses 
the second maximum incremental frequency compensation 
value. In this example, the method 600 iterates approximately 
every 100 milliseconds (“ms'), however, in other examples, 
the method 600 may iterate at greater or lesser rates. Further, 
in this example, the threshold counter value is set to 20, 
indicating that the processor 440 will employ the first maxi 
mum incremental frequency compensation value for up to 
approximately two seconds from the last time the counter was 
reset (as discussed above with respect to blocks 622 and 624), 
after which, the processor 440 will employ the second maxi 
mum incremental frequency compensation value. 
0054. It should be noted that while the processor 440 may 
determine a frequency compensation based on an amount that 
is equal to a first or second maximum incremental frequency 
compensation value and based on the threshold counter value, 
in some examples, the processor 440 may determine a fre 
quency compensation that is less than one or more maximum 
incremental frequency compensation values, or in some 
examples, the processor 440 may not employ one or more 
incremental frequency compensation values, and may instead 
determine the frequency compensation based on a deter 
mined frequency error of the timing circuit 410. In this 
example, the processor 440 may determine a frequency com 
pensation parameter based on an amount that is less than the 
selected maximum incremental frequency compensation 
value. For example, if the threshold counter value has not yet 
been reached and the measured frequency error would require 
a frequency compensation that is less than the first maximum 
incremental frequency compensation value, the processor 
440 changes the frequency compensation by the determined 
frequency compensation. The above algorithms described 
additional means for determining a frequency compensation 
based on any combination of two or more factors chosen from 
a set of factors including a temperature measurement, the sign 
of the temperature gradient, and the magnitude of the tem 
perature gradient. And in Some examples, the processor 440 
may determine a frequency compensation based on any com 
bination of two or more factors selected from a group con 
sisting of the temperature measurement, the sign of the tem 
perature gradient, and the magnitude of the temperature 
gradient. 
0055. In this example, if the counter exceeds the threshold 
counter value, the method 600 proceeds to block 632, other 
wise the method 600 proceeds to block 634. 
0056. At block 632, the processor 440 determines a fre 
quency compensation parameter based on any combination 
of two or more factors of a temperature measurement, the sign 
of the temperature gradient, or the magnitude of the tempera 
ture gradient, such as described above with respect to block 
530 of FIG. 5A. It is understood that the frequency compen 
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sation parameter may also be further based on additional 
factors in this or other implementations. In addition, the pro 
cessor 440 maintains the current amount of frequency com 
pensation applied to the oscillation signal. For example, in 
previous iterations of the method 600, the processor 440 may 
have applied a frequency compensation to the oscillation 
signal; however, additional frequency compensation may be 
needed, or the current frequency compensation may need to 
be reduced. Thus, the processor 440 determines a desired 
frequency compensation and then determines the difference 
between the desired frequency compensation and the current 
frequency compensation. If the difference is less than the 
second maximum incremental frequency compensation 
value, the processor 440 determines that the current fre 
quency compensation should be changed by applying the full 
difference to arrive at a current frequency compensation, 
resulting in a difference of 0 between the desired frequency 
compensation and the current frequency compensation. How 
ever, if the difference is greater than the second maximum 
incremental frequency compensation value, the processor 
440 applies the second maximum incremental frequency 
compensation value to the current frequency compensation, 
which will result in a non-zero difference between the desired 
frequency compensation and the current frequency compen 
sation. This difference may be addressed in a furtheriteration 
of the method 600. After the current frequency compensation 
is determined, the method proceeds to block 640. 
0057. At block 634, similar to block 632, the processor 
440 determines a frequency compensation parameter based 
on any combination of two or more parameters of a tempera 
ture measurement, the sign of the temperature gradient, or the 
magnitude of the temperature gradient, Such as described 
above with respect to block 530 of FIG.5A. As discussed with 
respect to 632, the processor 440 maintains the current fre 
quency compensation applied to the oscillation signal, deter 
mines a desired frequency compensation, and then deter 
mines the difference between the desired frequency 
compensation and the current frequency compensation. In 
block 634, however, the processor 440 employs the first incre 
mental frequency compensation value. Thus, if the difference 
is less than the first maximum incremental frequency com 
pensation value, the processor 440 determines that the current 
frequency compensation should be changed by applying the 
difference, resulting in a difference of 0 between the desired 
frequency compensation and the current frequency compen 
sation. However, if the difference is greater than the first 
maximum incremental frequency compensation value, the 
processor 440 applies the first maximum incremental fre 
quency compensation value to the current frequency compen 
sation, which will result in a non-zero difference between the 
desired frequency compensation and the current frequency 
compensation. As discussed above, this difference may be 
addressed in a furtheriteration of the method 600. The func 
tionality of blocks 622-634 provides various means for deter 
mining a frequency compensation parameter based on any 
combination of two or more factors chosen from a tempera 
ture measurement, the sign of the temperature gradient, and 
the magnitude of the temperature gradient, though others 
would be readily apparent to one of skill in the art. After the 
current frequency compensation is determined, the method 
proceeds to block 640. 
0058 At block 640, the processor 440 compensates for a 
determined frequency error of the timing circuit 410 based on 
the frequency compensation parameter. For example, and as 
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discussed above with respect to block 540 of the method 500 
shown in FIG. 5A, the timing circuit 410 may include a 
frequency multiplier or frequency divider. The processor 440 
can cause the frequency multiplier or frequency divider to 
alter the signal output by the crystal oscillator 420 to generate 
an oscillation signal based on the current frequency compen 
sation. However, in some embodiments, the processor 440 
does not affect the timing circuit 410, but instead provides the 
current frequency compensation to a component, such as GPS 
receiver, that receives the oscillation signal using the timing 
circuit 410 to allow the component to apply the current fre 
quency compensation to the received oscillation signal. These 
and other means for compensating for a determined fre 
quency error of the timing circuit 410 may be employed 
according to various examples of the disclosure herein. 
0059. After the processor 440 causes the timing circuit 
410 to generate an oscillation signal using the timing circuit 
410 based on the frequency compensation parameter, the 
method 600 completes. In some examples, the method 600 
returns to block 610 for anotheriteration. While the methods 
and systems herein are described in terms of software execut 
ing on various machines, the methods and systems may also 
be implemented as specifically-configured hardware, Such as 
field-programmable gate array (FPGA) specifically to 
execute the various methods. For example, embodiments can 
be implemented in digital electronic circuitry, or in computer 
hardware, firmware, software, or in a combination thereof. In 
one embodiment, a device may comprise a processor or pro 
cessors. The processor comprises a computer-readable 
medium, Such as a random access memory (RAM) coupled to 
the processor. The processor executes computer-executable 
program instructions stored in memory, Such as executing one 
or more computer programs for editing an image. Such pro 
cessors may comprise a microprocessor, a digital signal pro 
cessor (DSP), an application-specific integrated circuit 
(ASIC), field programmable gate arrays (FPGAs), and state 
machines. Such processors may further comprise program 
mable electronic devices such as PLCs, programmable inter 
rupt controllers (PICs), programmable logic devices (PLDs), 
programmable read-only memories (PROMs), electronically 
programmable read-only memories (EPROMs or 
EEPROMs), or other similar devices. 
0060 Such processors may comprise, or may be in com 
munication with, media, for example non-transitory com 
puter-readable media, that may store instructions that, when 
executed by the processor, can cause the processor to perform 
the steps described herein as carried out, or assisted, by a 
processor. Embodiments of computer-readable media may 
comprise, but are not limited to, an electronic, optical, mag 
netic, or other storage device capable of providing a proces 
Sor, such as the processor in a web server, with computer 
readable instructions. Other examples of media comprise, but 
are not limited to, a floppy disk, CD-ROM, magnetic disk, 
memory chip, ROM, RAM, ASIC, configured processor, all 
optical media, all magnetic tape or other magnetic media, or 
any other medium from which a computer processor can read. 
The processor, and the processing, described may be in one or 
more structures, and may be dispersed through one or more 
structures. The processor may comprise code for carrying out 
one or more of the methods (or parts of methods) described 
herein. 

0061 The foregoing description of some embodiments 
has been presented only for the purpose of illustration and 
description and is not intended to be exhaustive or to limit the 



US 2016/0049.945 A1 

disclosure to the precise forms disclosed. Numerous modifi 
cations and adaptations thereof will be apparent to those 
skilled in the art without departing from the spirit and scope of 
the disclosure. 
0062 Reference herein to an embodiment, example, or 
implementation means that a particular feature, structure, 
operation, or other characteristic described in connection 
with the embodiment may be included in at least one imple 
mentation of the disclosure. The disclosure is not restricted to 
the particular embodiments, examples, or implementations 
described as Such. The appearance of the phrases “in one 
embodiment,” “in an embodiment,” “in one example, or “in 
an example, “in one implementation, or “in an implementa 
tion, or variations of the same in various places in the speci 
fication does not necessarily refer to the same embodiment, 
example, or implementation. Any particular feature, struc 
ture, operation, or other characteristic described in this speci 
fication in relation to one embodiment, example, or imple 
mentation may be combined with other features, structures, 
operations, or other characteristics described in respect of any 
other embodiment, example, or implementation. 
What is claimed is: 
1. A method for compensating for hysteretic characteristics 

of a crystal oscillator in a timing circuit, comprising: 
obtaining a plurality of Successive temperature measure 

ments; 
determining a temperature gradient having a sign and a 

magnitude, the temperature gradient based on at least 
two temperature measurements of the plurality of suc 
cessive temperature measurements and a time between 
the at least two temperature measurements; 

determining a frequency compensation parameterbased on 
any combination of two or more factors chosen from a 
set of factors including a temperature measurement, the 
sign of the temperature gradient, and the magnitude of 
the temperature gradient; and 

compensating for a frequency error of the timing circuit 
based on the frequency compensation parameter. 

2. The method of claim 1, wherein determining the fre 
quency compensation parameter comprises: 

determining an ideal frequency error of the crystal oscilla 
tor based at least on the temperature measurement; 

determining a variance from the ideal frequency error 
based at least on the temperature gradient; and 

determining the frequency compensation parameter based 
on the variance and the ideal frequency error. 

3. The method of claim 2, wherein determining the vari 
ance is further based on the temperature measurement. 

4. The method of claim 1, wherein determining the fre 
quency compensation parameter comprises determining the 
frequency compensation parameter based on a lookup table 
using at least the temperature measurement and the magni 
tude of the temperature gradient. 

5. The method of claim 1, wherein compensating for the 
frequency error of the timing circuit based on the frequency 
compensation parameter comprises applying the frequency 
compensation parameter to a frequency divider or frequency 
multiplier circuit. 

6. The method of claim 1, wherein determining the fre 
quency compensation parameter is based on at least all three 
of the temperature measurement, the sign of the temperature 
gradient, and the magnitude of the temperature gradient. 

7. The method of claim 1, wherein the frequency compen 
sation parameter has a first value at a temperature, where the 
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sign of the temperature gradient has a first sign, and a second 
value at the temperature, where the sign of the temperature 
gradient has a second sign, and wherein the first value and the 
second value are different and the first sign and the second 
sign are different. 

8. The method of claim 1, wherein compensating for the 
frequency error of the timing circuit comprises causing the 
timing circuit to generate an oscillation signal based on the 
frequency compensation parameter. 

9. The method of claim 1, wherein compensating for the 
frequency error of the timing circuit comprises providing the 
frequency compensation parameter to a component. 

10. An apparatus for compensating for hysteretic charac 
teristics of a crystal oscillator in a timing circuit, comprising: 

a sensor configured to sense a temperature; and 
a processor configured to: 

obtain a plurality of Successive temperature measure 
ments from the sensor; 

determine a temperature gradient having a sign and a 
magnitude, the temperature gradient based on at least 
two temperature measurements of the plurality of suc 
cessive temperature measurements and a time 
between the at least two temperature measurements; 

determine a frequency compensation parameter based 
on any combination of two or more factors chosen 
from a set of factors including a temperature measure 
ment, the sign of the temperature gradient, and the 
magnitude of the temperature gradient; and 

compensate for a frequency error of the timing circuit 
based on the frequency compensation parameter. 

11. The apparatus of claim 10, wherein the processor being 
configured to determine the frequency compensation param 
eter by being configured to: 

determine an ideal frequency error of the crystal oscillator 
based at least on the temperature measurement; 

determine a variance from the ideal frequency error based 
at least on the temperature gradient; and 

determine the frequency compensation parameter based at 
least on the variance and the ideal frequency error. 

12. The apparatus of claim 11, wherein the processor is 
further configured to determine the variance based on the 
temperature measurement. 

13. The apparatus of claim 10, wherein the processor being 
configured to determine the frequency compensation param 
eter comprises the processor being configured to determine 
the frequency compensation parameter based on a lookup 
table using at least the temperature measurement and the 
magnitude of the temperature gradient. 

14. The apparatus of claim 10, wherein the processor being 
configured to compensate for the frequency error of the tim 
ing circuit based on the frequency compensation parameter 
comprises applying the frequency compensation parameter to 
a frequency divider or frequency multiplier circuit. 

15. The apparatus of claim 10, wherein the processor being 
configured to determine the frequency compensation param 
eter comprises the processor being configured to determine 
the frequency compensation parameter based on at least all 
three of the temperature measurement, the sign of the tem 
perature gradient, and the magnitude of the temperature gra 
dient. 

16. A system for compensating for hysteretic characteris 
tics of a crystal oscillator, comprising: 
means for obtaining a plurality of Successive temperature 

measurements; 
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means for determining a temperature gradient having a 
sign and a magnitude, the temperature gradient based on 
at least two temperature measurements the plurality of 
Successive temperature measurements and a time 
between the at least two temperature measurements; 

means for determining a frequency compensation param 
eter based on any combination of two or more factors 
chosen from a set of factors including a temperature 
measurement, the sign of the temperature gradient, and 
the magnitude of the temperature gradient; and 

means for compensating for a frequency error of the timing 
circuit based on the frequency compensation parameter. 

17. The system of claim 16, wherein the means for deter 
mining a frequency compensation parameter comprises: 

means for determining an ideal frequency error of the 
crystal oscillator based at least on the temperature mea 
Surement, 

means for determining a variance from the ideal frequency 
error based at least on the temperature gradient; and 

means for determining the frequency compensation 
parameter based at least on the variance and the ideal 
frequency error. 

18. The system of claim 17, wherein the means for deter 
mining the variance further determines the variance based on 
the temperature measurement. 

19. The system of claim 16, wherein the means for deter 
mining the frequency compensation parameter includes 
means for determining the frequency compensation param 
eter based on a lookup table using at least the temperature 
measurement and the magnitude of the temperature gradient. 

20. The system of claim 16, wherein the means for com 
pensating for the frequency error of the timing circuit 
includes means for applying the frequency compensation 
parameter to a frequency divider or frequency multiplier cir 
cuit. 

21. The system of claim 16, wherein the means for deter 
mining the frequency compensation parameter includes 
means for determining the frequency compensation param 
eter based on at least all three of the temperature measure 
ment, the sign of the temperature gradient, and the magnitude 
of the temperature gradient. 

22. A non-transitory computer-readable medium compris 
ing program code for a processor to execute a method for 
compensating for hysteretic characteristics of a crystal oscil 
lator in a timing circuit, the program code comprising: 

program code for obtaining a plurality of Successive tem 
perature measurements; 

program code for determining a temperature gradient hav 
ing a sign and a magnitude, the temperature gradient 
based on at least two temperature measurements of the 
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plurality of successive temperature measurements and a 
time between the at least two temperature measure 
ments; 

program code for determining a frequency compensation 
parameter based on any combination of two or more 
factors chosen from a set of factors including a tempera 
ture measurement, the sign of the temperature gradient, 
and the magnitude of the temperature gradient; and 

program code for compensating for a frequency error of the 
timing circuit based on the frequency compensation 
parameter. 

23. The non-transitory computer-readable medium of 
claim 22, wherein program code for determining the fre 
quency compensation parameter comprises: 

program code for determining an ideal frequency error of 
the crystal oscillator based at least on the temperature 
measurement; 

program code for determining a variance from the ideal 
frequency error based at least on the temperature gradi 
ent; and 

program code for determining the frequency compensation 
parameter based at least on the variance and the ideal 
frequency error. 

24. The non-transitory computer-readable medium of 
claim 23, wherein the program code for determining the 
variance further comprises program code for determining the 
variance based on the temperature measurement. 

25. The non-transitory computer-readable medium of 
claim 22, wherein the program code for determining the 
frequency compensation parameter comprises program code 
for determining the frequency compensation parameter based 
on a lookup table using at least the temperature measurement 
and the magnitude of the temperature gradient. 

26. The non-transitory computer-readable medium of 
claim 22, wherein the program code for compensating for the 
frequency error of the timing circuit based on the frequency 
compensation parameter includes program code for applying 
the frequency compensation parameter to a frequency divider 
or frequency multiplier circuit. 

27. The non-transitory computer-readable medium of 
claim 22, wherein the program code for determining the 
frequency compensation parameter comprises program code 
for determining the frequency compensation parameter based 
on at least all three of the temperature measurement, the sign 
of the temperature gradient, and the magnitude of the tem 
perature gradient. 


